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ABSTRACT 

During  this  project,  we  found  that  two-photon  and  free-carrier  absorption  are  primary  facilitators  of  crosstalk  in  silicon  nanowaveguides. 

We  experimentally  demonstrated  four-wave-mixing-based  continuous  wavelength  conversion  of  optical  differential-phase-shift-keyed 
signals  with  large  wavelength  conversion  ranges  and  simultaneous  wavelength  conversion  of  dual-wavelength  channels  with  mixed 
modulation  fonnats  in  1.1-cm-long  dispersion-engineered  silicon  waveguides.  We  demonstrated  broadband  continuous  wavelength 
conversion  based  on  four-wave  mixing  in  silicon  waveguides,  operating  with  data  rates  to  40Gb/s,  validating  signal  integrity  using 
bit-error-rate  measurements.  We  demonstrated  a  scalable,  energy-efficient,  and  pragmatic  method  for  high-bandwidth  wavelength 
multicasting  using  FWM  in  silicon  photonic  nanowires.  We  demonstrated  reduction  of  the  free-carrier  lifetime  in  a  silicon  nanowaveguide 
from  3ns  to  12.2ps  by  applying  a  reverse  bias  across  an  integrated  p-i-n  diode.  We  demonstrated  ultrabroad-bandwidth  low-power 
frequency  conversion  of  continuous-wave  light  in  a  dispersion  engineered  silicon  nanowaveguide  via  four-wave  mixing.  We  demonstrated 
all-optical  continuously  tunable  delay  line  based  on  parametric  mixing  with  a  total  delay  range  of  7.34us.  We  demonstrated  a  monolithically 
integrated  CMOS-compatible  source  using  an  optical  parametric  oscillator  based  on  a  silicon  nitride  ring  resonator  on  silicon.  Lastly,  we 
demonstrated  continuously  tunable  optical  delays  as  large  as  l.lus  range  for  lOGb/s  NRZ  optical  signals  based  on  four-wave  mixing  process 
in  silicon  waveguide. 
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Final  Technical  Report,  “Parametric  Ultra-High  Bandwidth  Silicon-Based 
Devices  and  Systems” 

During  the  course  of  this  project,  we  accomplished  the  following: 

We  investigated  optical  crosstalk  on  a  signal  in  a  silicon  nanowaveguide  due  to 
the  presence  of  another  signal  by  direct  radio  frequency  crosstalk  level 
measurements  in  a  pump-probe  configuration  and  by  bit-error-rate-based 
characterization.  We  quantified  this  degradation  as  a  function  of  the  modulation 
frequency  and  power  of  the  auxiliary  signal.  Our  results  indicate  that  two-photon 
and  free-carrier  absorption  are  primary  facilitators  of  crosstalk  in  silicon 
nanowaveguides. 

We  experimentally  demonstrated  four-wave-mixing  (FWM)-based  continuous 
wavelength  conversion  of  optical  differential-phase-shift-keyed  (DPSK)  signals 
with  large  wavelength  conversion  ranges  as  well  as  simultaneous  wavelength 
conversion  of  dual-wavelength  channels  with  mixed  modulation  formats  in  1.1- 
cm-long  dispersion-engineered  silicon  waveguides.  We  first  validated  up  to  100- 
nm  wavelength  conversion  range  for  10-Gb/s  DPSK  signals,  showcasing  the 
capability  to  perform  phase-preserving  operations  at  high  bit  rates  in  chip-scale 
devices  over  wide  conversion  ranges.  We  further  validated  the  wavelength 
conversion  of  dual-wavelength  channels  modulated  with  10-Gb/s  packetized 
phase-shift-keyed  (PSK)  and  amplitude-shift-keyed  (ASK)  signals;  demonstrated 
simultaneous  operation  on  multiple  channels  with  mixed  formats  in  chip-scale 
devices.  For  both  configurations,  we  measured  the  spectral  and  temporal 
responses  and  evaluated  the  performance  using  bit-error-rate  (BER) 
measurements. 

We  demonstrated  broadband  continuous  wavelength  conversion  based  on  four- 
wave  mixing  in  silicon  waveguides,  operating  with  data  rates  up  to  40  Gb/s, 
validating  signal  integrity  using  bit-error-rate  measurements.  The  dispersion- 
engineered  silicon  waveguide  provides  broad  phase-matching  bandwidth, 
enabling  complete  wavelength-conversion  coverage  of  the  S  -,  C-,  and  L-bands 
of  the  International  Telecommunication  Union  (ITU)  grid.  We  experimentally 
showed  this  with  wavelength  conversion  of  high-speed  data  exceeding  100  nm, 
and  characterized  the  resulting  power  penalty  induced  by  the  wavelength 
conversion  process.  We  then  validated  the  bit-rate  transparency  of  the  all-optical 
process  by  scaling  the  data  rate  from  5  Gb/s  up  to  40  Gb/s  at  the  100-nm 
wavelength  conversion  configuration,  showing  consistent  low  power  penalties, 
validating  the  robustness  of  the  four-wave  mixing  process  in  the  silicon  platform 
for  all-optical  processing. 

We  demonstrated  a  scalable,  energy-efficient,  and  pragmatic  method  for  high- 
bandwidth  wavelength  multicasting  using  FWM  in  silicon  photonic  nanowires.  We 
experimentally  validated  up  to  a  sixteen-way  multicast  of  40-Gb/s  NRZ  data 
using  spectral  and  temporal  responses,  and  evaluated  the  resulting  data  integrity 


degradation  using  BER  measurements  and  power  penalty  performance  metrics. 
We  further  examined  the  impact  of  this  wavelength  multicasting  scalability  on 
conversion  efficiency.  Finally,  we  experimentally  evaluated  up  to  a  three-way 
multicast  of  160-Gb/s  pulsed-RZ  data  using  spectral  and  temporal  responses, 
representing  the  first  on-chip  wavelength  multicasting  of  pulsed-RZ  data. 

We  demonstrated  reduction  of  the  free-carrier  lifetime  in  a  silicon  nanowaveguide 
from  3  ns  to  12.2  ps  by  applying  a  reverse  bias  across  an  integrated  p-i-n  diode. 
This  observation  represents  the  shortest  free-carrier  lifetime  demonstrated  to 
date  in  silicon  waveguides.  Importantly,  the  presence  of  the  p-i-n  structure  does 
not  measurably  increase  the  propagation  loss  of  the  waveguide.  We  derived  a 
figure  of  merit  demonstrating  equal  dependency  of  the  nonlinear  phase  shift  on 
free-carrier  lifetime  and  linear  propagation  loss. 

We  demonstrated  ultrabroad-bandwidth  low-power  frequency  conversion  of 
continuous-wave  light  in  a  dispersion  engineered  silicon  nanowaveguide  via  four- 
wave  mixing.  Our  process  produces  continuously  tunable  four-wave  mixing 
wavelength  conversion  over  two-thirds  of  an  octave  from  1241-nm  to  2078-nm 
wavelength  light  with  a  pump  wavelength  in  the  telecommunications  C-band. 

We  reported  experimental  demonstration  of  an  all-optical  continuously  tunable 
delay  line  based  on  parametric  mixing  with  a  total  delay  range  of  7.34  us.  The  bit¬ 
error  rate  performance  of  the  delay  line  was  characterized  for  a  10-Gb/s  NRZ 
data  channel.  This  result  is  enabled  by  cascading  a  discrete  delay  line  that 
consists  of  16  wavelength-dependent  delays  and  a  continuously  tunable  delay 
stage.  Four  wavelength  conversion  stages  based  on  four-wave  mixing  in  silicon 
waveguides  were  performed  in  order  to  achieve  wavelength-preserving 
operation.  The  wavelength-optimized  optical  phase  conjugation  scheme 
employed  in  the  delay  line  is  capable  of  minimizing  the  residual  dispersion  for  the 
entire  tuning  range. 

A  monolithically  integrated  CMOS-compatible  source  was  demonstrated  using  an 
optical  parametric  oscillator  based  on  a  silicon  nitride  ring  resonator  on  silicon. 
Generating  more  than  100  wavelengths  simultaneously  and  operating  at  powers 
below  50  mW,  scientists  say  that  it  may  form  the  basis  of  an  on-chip  high- 
bandwidth  optical  network. 

We  demonstrated  continuously  tunable  optical  delays  as  large  as  1 .1  us  range 
for  10  Gb/s  NRZ  optical  signals  based  on  four-wave  mixing  (FWM)  process  in 
silicon  waveguide.  The  large  delay  range  is  made  possible  by  a  novel 
wavelength-optimized  optical  phase  conjugation  scheme,  which  allows  for 
tunable  dispersion  compensation  to  minimize  the  residual  group-velocity 
dispersion  (GVD)  for  the  entire  tuning  range. 


